Background: It is increasingly recognised that improved diagnosis, prognosis and treatment of acute kidney injury (AKI) requires an understanding of distinct underling cellular and molecular mechanisms (endotypes) that may distinguish overtly similar clinical AKI presentations. One important avenue of research is the post-transcriptional regulation of gene expression in response to kidney injury mediated by microRNAs. Summary: This mini-review summarises the use of microRNAs as diagnostic and prognostic biomarkers in AKI. The contribution of microRNAs to the pathophysiology of AKI will be highlighted along with the potential for therapeutic applications. Key Messages: While there is great potential for a better understanding of AKI, microRNAs form a complex regulatory network. Understanding the role and significance of microRNAs in the context of AKI and critical illness is a major endeavour in translational medicine, requiring the integration of clinical and experimental data.
Introduction
Acute kidney injury (AKI) is a common complication of critical illness and is strongly associated with increased risk of death in hospital. In those who survive, AKI is a major risk factor for the development of subsequent chronic kidney disease, and its associated health and socioeconomic burdens. However, the AKI syndrome, as defined by contemporary consensus criteria, represents a collection of overlapping conditions, initiated by a variety of renal insults, so it remains unclear to what extent there are differing AKI endotypes (distinct underlying functional or pathobiological mechanisms) as opposed to a common set of pathophysiological mechanisms [1] . Over recent years, consideration of differences in the underlying molecular signatures of tumours with superficially similar clinical and histopathological manifestations has revolutionised the diagnosis, risk assessment and therapeutic strategies in oncology, and such endotypic classification of clinical diseases or syndromes is now being extended to nonmalignant conditions, such as asthma, as part of the drive to deliver precision medicine. Consequently, the characterisation of the cellular and molecular differences between differing paradigms of AKI is crucial to determine to what extent there are distinct endotypes of AKI and to eventually enable individualised therapeutic approaches [1] . To this end, several recent publications have sought to distinguish AKI endotypes by examining the patterns of transcriptional gene expression in differing AKI settings [2] . However, beyond the level of gene transcription, post-transcriptional regulation of messenger RNA (mRNA) translation also regulates gene expression by regulating the production of the final protein product encoded by the gene, thus playing a key role in determining endotypes and phenotypes in disease states. MicroRNAs are important post-transcriptional regulators [3] , which are now being extensively studied in the characterisation of a variety of disease processes, including AKI.
MicroRNA
MicroRNAs are short, non-protein coding RNA molecules between 19 and 25 nucleotides in length, which regulate gene expression at the post-transcriptional level through mRNA signal repression [3] . In excess of 2,500 microRNAs have now been identified in humans [4] . Typically microRNAs bind to mRNA at the 3′ untranslated region in a sequence specific fashion and, once bound, silencing is achieved through a combination of direct inhibition of ribosomal translation and acceleration of mRNA degradation [3] . Each microRNA has a "seed sequence" spanning nucleotide positions 2-7 which determines mRNA target specificity. The majority of human proteinencoding mRNA transcripts possess microRNA binding sites and individual mRNAs may contain multiple binding sites for different microRNAs, while due to the relative short length of the seed sequence, each microRNA may target as many as 100 individual mRNAs. The large number of microRNAs and potential mRNA targets and the promiscuous binding of the seed sequences thus imply a complex regulatory network of gene expression. MicroRNAs have been shown to be involved in a wide range of biological processes including cell cycle control, apoptosis, stem cell differentiation, haematopoiesis, hypoxia responses, metabolism, aging, immunity, viral replication and oncogenesis. Importantly, as microRNAs have highly tissue-specific expression and distinct temporal expression patterns during embryogenesis, they play a key role in the differentiation and maintenance of tissue identity. MicroRNAs are also released from cells and may be present in body fluid within exosomes, micro-vesicles or bound to plasma proteins, making them both potential mediators of intercellular communication and measurable biomarkers of tissue responses to injury and disease. MicroRNAs are readily detected in body fluids [5] and are stable to freeze-thaw cycles; thus, individual microRNAs can be easily measured by quantitative PCR, while nextgeneration sequencing techniques can be used to investigate the entire human microRNA repertoire within a given sample. Finally, microRNA levels can be manipulated in vivo by delivery of either microRNA mimics (to increase activity) or antisense analogues (to bind to and inhibit the action of the endogenous microRNA), providing avenues for experimental investigation and potential for clinical intervention.
MicroRNAs in AKI
As crucial determinants of cellular phenotypes, microRNAs have been extensively studied in a number of clinical and experimental settings as biomarkers of disease states and as ways of differentiating the mechanisms underlying heterogenous clinical conditions. Due to their involvement in cellular differentiation and regulation of cell cycle, they have been most widely studied in malignancy, as well as in a range of chronic diseases. AKI with its diverse aetiology, complex pathogenesis and uncertain outcomes represents an acute disease process where microRNA profiles could provide valuable insights into underlying mechanism. The importance of microRNAs as a class of regulator in the pathogenesis of AKI was first demonstrated in a transgenic mouse model possessing a renal proximal tubular-specific, genomic deletion of an enzyme (Dicer) that is required to produce microRNAs [6] . This model exhibited a global down-regulation of microRNAs in the renal cortex, and the proximal tubular Dicer knockout mice showed resistance to AKI after ischaemia-reperfusion, with significantly better renal function, less tissue damage, less tubular apoptosis and better survival than in wild-type mice [6] . These findings therefore suggest a net pathogenic role for microRNAs expression in ischaemic AKI. Overall, more than 50 individual microRNAs have now been described as having differen-DOI: 10.1159/000490204 tial expression in AKI [7] . In the context of experimental and clinical AKI, many of these microRNA have been associated with molecular mechanisms that promote inflammation, apoptosis and fibrosis; conversely, other AKI-associated microRNAs may act protectively by exerting anti-inflammatory, anti-apoptotic, anti-fibrotic and pro-angiogenic effects. Thus, there are several important considerations when interpreting microRNA patterns in AKI. First, for individual microRNAs, it may be unknown whether the response is a protective physiological response to injury, a bystander to the disease process or a mediator of a pathophysiology, implying that the clinical implications of any differential microRNA expression must be understood in the context of the molecular pathways regulated. Second, type of sample from which microRNA is derived may be crucial, in clinical studies, plasma or urine has been most often studied; however, it is unclear if these are a suitable surrogates for tissue expression in the kidney that currently can be examined only in animal models or in renal biopsies. Finally, given the complexity of microRNA regulation, it may be that a signature of expression of a number of microRNAs may be more important than any individual one.
The difficulty in interpreting diverse microRNA-AKI associations is illustrated in studies performed in human clinical AKI intensive care unit settings (Table 1) . While a large number of publications have been generated in a short time, these have been generally small in size and have often compared microRNAs in plasma, serum or urine in critically ill AKI patients compared to healthy control individuals, limiting AKI-specific inferences. In this evolving field, the most convincing mechanistic evidence is derived from a combination of human studies, to demonstrate clinical relevance, and animal models to explore the mechanism and the effect of intervention. For instance, Lan et al. [8] demonstrated that increased urinary miR-494 was associated with AKI and that this rise preceded changes in serum creatinine and urea nitrogen; as there were no differences in serum concentrations of miR-494, renal or urinary tract origin was suggested. The same investigators then used a murine model of ischaemia-reperfusion injury to demonstrate an up-regulation of miR-494 after ischaemia-reperfusion injury, which inhibited the expression of activating transcription factor 3 (ATF3 -a stress-response, reno-protective protein). Finally, the delivery of antisense-miR-494 to mice prior to ischaemia ameliorated renal injury (as measured by serum creatinine), reduced proinflammatory cytokines and caused suppression of caspase-3 apoptotic activity, thus establishing a firm rationale for a pathophysiological role of miR-494 in this AKI model [8] .
Despite interesting individual results, the current literature remains characterised by the diversity of micro-RNA responses described and the lack of consistency between studies (Table 1) . This may reflect a diversity of AKI endotypes, or it may be a reflection of the limited power of small studies in the context of a complex regulatory network. Even miR-21, which is the most consistently reported association with AKI, is difficult to interpret. While miR-21 has been shown to be raised in response to AKI, lower baseline levels were associated with the risk of AKI prior to cardiac surgery [9] . These findings may reflect a pleiotropy of miR-21 targets, so that miR-21 has the potential not only to protect against injury by inhibiting apoptosis and inflammation but also to amplify injury responses and promote fibrosis in differing contexts.
The role of individual microRNAs may be clearer in better defined paradigms of AKI. For instance, in the setting of cisplatin-induced AKI, an elegant set of recent experiments has shown induction of miR-375 expression in cisplatin-treated renal tubular cells, both in-vivo and invitro [10] . In these models, the inhibition of miR-375 decreased cisplatin-induced apoptosis, suggesting that miR-375 is a cell-damaging or pro-apoptotic agent after cisplatin exposure. Important pathogenic pathways known to be involved in acute renal tubular injury including p53 expression (indirectly) and nuclear factor-κB activation (directly) were shown to promote miR-375 expression after cisplatin exposure. Induced miR-375 then in turn inhibited hepatocyte nuclear factor-1β protein expression, reducing its endogenous cytoprotective activity [10] . It is this kind of in-depth mechanistic description that is required to improve our understanding of human clinical microRNA data and its relevance.
Next Steps
The relative ease of microRNA measurement and their potential importance make them a tempting target for clinical investigators to study in ill-defined conditions such as AKI. However, understanding the complex results of these analyses is likely to be challenging. The current literature focusses on a small proportion of microRNAs and further studies may have a confirmation biased toward the inclusion of known associations; unbiased analyses using next-generation sequencing to examine the entire micro RNA profile may thus be preferred to explore unknown associations. Such broader examination of microRNA profiles in differing causes of AKI (i.e., septic, ischaemic, nephrotoxic) could determine the underlying endotypes distinguishing these conditions. However, for any microRNA associations, it will be necessary to clarify the upstream regulators of microRNA expression, the downstream effectors mechanisms targeted by micro RNA induction and whether microRNA expression is associated with protective or pathological effects. Finally, while microRNAs may be implicated in kidney injury, they are far from being disease specific; for example, miR-21 has also been associated with allergic inflammatory disease and breast cancer. Thus, individual microRNA expression patterns are unlikely to be clinically definitive in isolation; however, combined signals from multiple microRNAs could be more disease-specific.
Conclusions
Diverse changes in microRNA profiles have been observed after AKI. MicroRNAs are abundant and stable in plasma and urine, are often elevated before conventional markers of renal dysfunction. MicroRNA mimics or inhibitors could afford a therapeutic role in renal protection. However, observational study populations often display heterogeneous AKI aetiology, where microRNA responses might be expected to vary, while individual microRNAs have a diverse range of targets that are likely to vary between pathological states. Furthermore, while there are biologically plausible mechanisms and suggestive animal data, no direct causation has been demonstrated in in-vivo human AKI studies. Finally, the use of microRNAs as biomarkers may be confounded by non-AKI pathological states, which perturb the "microRNA-ome." In conclusion, we have begun to explore this important area of gene regulation, and advancing our scientific and clinical understanding of the role of microRNAs in AKI pathophysiology is likely to require close integration of laboratory-based and bedside studies.
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